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(54) Enhanced optical transmission apparatus utilizing metal films having apertures and 
periodic surface topography 

(57) An apparatus for enhanced light transmission 
is provided. The apparatus comprises a metal film hav- 
ing a first surface and a second surface, at least one 
aperture provided in the metal film and extending from 
the first surface to the second surface, and a periodic 
surface topography provided on at least one of the first 
and second surface of the metal film. Light incident on 
one of the surfaces of the metal film interacts with a sur- 
face plasmon mode on at least one of the surfaces of 
the metal film thereby enhancing transmission of light 
through the at least one aperture in the metal film. The 
apparatus may have a single aperture or a plurality of 
periodically arranged apertures. Wavelength-selective 
optical filters, spatial optical filters, light collectors, near- 
field scanning optical microscope probes and photolith- 
ographic masks are also provided. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to the field of optics, and in particular to the enhanced transmission of light 
through a thin metal film having a periodic surface topography and perforated with one or more apertures. 

BACKGROUND OF THE INVENTION 

[0002] A smooth metal film having a thickness which is larger than its optical skin depth (the depth that the electro- 
magnetic fields from incident light penetrate into the material where the electric field intensity drops to 1/e , typically 
about 20nm to 30nm for a metal) is opaque to light at frequencies below the bulk plasma frequency g> p , which is given 
by 

©p = (47ine 2 )/m*, 

where n is the electron density, e is the electron charge, and m* is the effective mass. A single aperture in such a metal 
film transmits light with an efficiency which depends on the diameter of the aperture. If the aperture diameter is smaller 
than the wavelength of light passing through the aperture, the transmission is proportional to (d A.) . See H. A. Bethe, 
"Theory of Diffraction by Small Holes". Physical Review, Second Series, Vol. 66. Nos. 7 and 8, pp. 163-182 (1944). For 
this reason, the optical throughput of near-field optical devices is extremely low. 

[0003] Recently, a strong enhancement of optical transmission has been demonstrated using a metal film perfo- 
rated with an array of subwavelength-diameter apertures. See T. W. Ebbesen et al., "Extraordinary optical transmission 
through sub-wavelength hole arrays," Nature. Vol. 391, pp. 667-669 (Feb. 12,1998); see also U.S. Patent Application 
Serial No. 08/979,432 to T. W. Ebbesen et al.. filed Nov. 26. 1997, and U.S. Provisional Patent Application Serial No. 
60/051 .904 to T. W. Ebbesen et al., filed July 8, 1997, which are both incorporated herein by reference. This enhance- 
ment which can be as large as a factor of 1 ,000, occurs when light incident on the metal film interacts resonantly with 
a surface plasmon mode. Surface plasmons (also referred to herein as simply "plasmons") are collective electronic exci- 
tations which exist at the interface of a metal with an adjacent dielectric medium. See H. Raether, Surface Plasmons 
on Smooth and Rough Surfaces and on Gratings, Vol. 1 1 1 of Springer Tracts in Modem Physics (Springer-Verlag. Ber- 
lin. 1988); A. D. Boardman (ed.). Electromagnetic Surface Modes, Chs. 1, 17, pp. 1-77, 661-725 (John Wiley & Sons, 
1982). The periodic structure of the aperture arrays allows the surface plasmons to couple with the incident light. 
[0004] On the other hand, the periodic array of apertures also has properties similar to those of a diffraction grating 
(see Ebbesen et al.. supra), including the presence of Wood's anomaly (see R. W. Wood, "On a Remarkable Case of 
Uneven Distribution of Light in a Diffraction Grating Spectrum." Philosophical Magazine, Vol. 4. pp. 396-402 (1902), and 
R W Wood. "Anomalous Diffraction Gratings." Physical Review, Vol. 48, pp. 928-936 (1935)), which causes deep, 
sharp minima in the zero-order transmission when a higher-order diffracted beam becomes tangent to the metal film. 
The combination of these two effects (the surface plasmon coupling and Wood's anomaly) gives rise to well-defined 
maxima and minima in the zero-order transmission spectra. These maxima and minima exist at wavelengths which are 
determined by the geometry, both of the aperture array and that of the incident light, and the refractive index of the adja- 
cent dielectric media. See Ebbesen et al., supra, and H. F. Ghaemi et al. "Surface plasmons enhance optical transmis- 
sion through subwavelength holes". Physical Review B. Vol. 58. No. 11. pp. 6779-6782 (Sept 15, 1998). Optical 
transmission control apparatus utilizing these properties have been developed. See U.S. Patent Application Serial No. 
09/168^65 to T. J. Kim et al., filed October 8, 1998, which is incorporated herein by reference. 
[0005] In previous aperture-array apparatus, every feature in the array is an aperture that transmits light However, 
for some light transmission applications (such as near-field optical microscopy), it would instead be desirable to have 
the high transmission exhibited by the aperture arrays occur in a single aperture or a small set of apertures. It would 
also be desirable to further increase the transmission of an array of apertures. To date, such enhanced transmission 
has not been achieved. 4 . . 

[0006] The present invention overcomes this problem by providing enhanced light transmission apparatus wherein 
the metal film is provided with a periodic surface topography so as to allow strong coupling with the incident light The 
metal film may be perforated with a relatively small array of apertures or even a single aperture depending on the appli- 
cation. In addition, the invention includes a novel near field scanning microscope, a novel mask technology for sub- 
wavelength photolithography, a wavelength-selective filter and a light collecting device utilizing the generalized 
enhanced light transmission apparatus. 
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SUMMARY OF THE INVENTION 

[0007] Generally speaking, in accordance with the invention, an apparatus for enhanced light transmission is pro- 
vided. The apparatus comprises a metal film having a first surface and a second surface, at least one aperture provided 

5 in the metal film and extending from the first surface to the second surface, and a periodic surface topography provided 
on at least one of the first and second surface of the metal film. Light incident on one of the surfaces of the metal film 
interacts with a surface plasmon mode on at least one of the surfaces of the metal film thereby enhancing transmission 
of light through the at least one aperture in the metal film. The apparatus may have a single aperture or a plurality of 
apertures arranged on a periodic lattice. 

10 [0008] As noted above, the enhanced light transmission apparatus of the present invention includes a metal film 
with at least one surface having a periodic surface topography. The periodic surface topography includes surface fea- 
tures, such as periodically arranged protrusions or depressions in the metal film surface. The periodic surface topogra- 
phy allows strong coupling of the metal surface plasmons with incident light. The aperture(s) in the metal film thereby 
provide enhanced transmission for wavelengths in relation to the period and lattice symmetry of the periodic surface 

is. topography. The enhanced transmission is much greater than the transmission through apertures of the same size and 
number in the absence of the periodic surface topography, and this is due to the active participation of the surface plas- 
mons of the metal film. 

[0009] If subwavelength-diameter apertures are viewed, as has previously been the case, as merely geometrical 
openings, then the transmission efficiency (defined as the transmitted intensity divided by the intensity of the light 

20 impinging on the aperture) can be very small (e.g. about 2 x 10" 3 when the ratio of the aperture diameter to the wave- 
length is about 0.1). However, in the present invention, as will be described below, the transmission efficiency is greatly 
increased and the resulting apparatus may be considered as a high efficiency subwavelength light source with the addi- 
tional capability of tailoring the transmission properties of the light by adjusting the periodicity and the symmetry of the 
surface features comprising the periodic surface topography. 

25 [0010] The practical effect of this result is that the general enhanced light transmission apparatus of the. present 
invention may be applied as a wavelength-selective optical filter (particularly in the ultra-violet, visible and near-infrared 
wavelengths), a spatial optical filter, a light collector, a new field optical microscopy probe, and a photolithographic 
mask, all of which are set forth herein and are included in the invention. « 
[0011] Accordingly, an object of the invention is to provide an apparatus which provides enhanced light transmis- 

30 sion through one or more apertures utilizing a periodic surface topography, such that the transmission is enhanced in 
comparison to the transmission through the apertures alone. 

[0012] Another object of the invention is to provide an apparatus which provides enhanced light transmission 
through a single aperture. 

[0013] A further object of the invention is to provide an apparatus which provides enhanced light transmission at 
35 selected wavelengths through one or more apertures. 

[0014] A still further object of the present invention is to provide a wavelength -selective optical filter with one or 
more apertures which provides enhanced light transmission. 

[001 5] A still further object of the present invention is to provide a spatial optical filter which provides enhanced light 
transmission. 

40 [001 6] A still further object of the present invention is to provide a light collector with one or more apertures which 
provides enhanced light transmission. 

[001 7] A still further object of the present invention is to provide a near field scanning optical microscope probe with 
one or more apertures which provides enhanced light transmission. 

[0018] A still further object of the present invention is to provide a photolithographic mask with one or more aper- 
45 tures which provides enhanced light transmission. 

[0019] Other objects of the present invention will become more readily apparent in light of the following description 
in conjunction with the accompanying drawings. r 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 

[0020] 

FIG. 1 is a perspective view of an exemplary embodiment of an enhanced light transmission apparatus of the 
present invention; 

55 FIGS. 2A and 2B are plan views of first and second metal film surfaces, respectively, of the enhanced light trans- 
mission apparatus shown in FIG. 1; 

FIGS. 3A and 3B are plan views of first and second metal film surfaces, respectively, of another exemplary embod- 
iment of an enhanced light transmission apparatus of the present invention; 
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FIGS. 4A and 4B are plan views of first and second metal film surfaces, respectively, of yet another exemplary 
embodiment of an enhanced light transmission apparatus of the present invention; 

FIGS. 5A and 5B are plan views of first and second metal film surfaces, respectively, of still another exemplary 
embodiment of an enhanced light transmission apparatus of the present invention; 

FIGS. 6A and 6B are plan views of first and second metal film surfaces, respectively, of still another exemplary 
embodiment of an enhanced light transmission apparatus of the present invention; 

FIG.7 is a perspective, schematic diagram illustrating the geometry of incident and output light with respect to the 
enhanced light transmission apparatus of the present invention; 

FIG. 8A is a graph showing the transmission of light, as a function of photon energy and the incident angle of input 
light, though a metal film perforated with an array of apertures, wherein neither of the two surfaces of the metal film 
includes a periodic surface topography; 

FIG. 8B is a graph showing the transmission of light, as a function of photon energy and the incident angle of input 
light, though a metal film perforated with an array of apertures, wherein one of the two surfaces includes a periodic 
surface topography similar to that shown in FIGS. 1 and 2; 

FIG. 9 is a graph showing the zero-order transmission of two metal films, one metal film being provided with a 
square array of round apertures with a period P = 1 urn. and the other metal film being provided with an identical 
array of apertures with the same period P and also with a surface having a periodic surface topography which is 
positionally commensurate with the apertures and which has a period of P/2; 

FIG. 1 0A is a graph showing the transmission of light, in gray scale, as a function of photon energy E=hcl\ , and 
k x = /c /nc sine , through a metal film perforated with an array of apertures, wherein neither of the two surfaces of 
the metal film includes a periodic surface topography; 

FIG. 10B is a graph showing the transmission of light, in gray scale, as a function of photon energy E = hc/X , and 
k x = k /nc sine , through a metal film perforated with an array of apertures, wherein one of the two surfaces includes 
a periodic surface topography similar to that shown in FIGS. 1 and 2; 

FIG. 1 1 is a graph showing the zero-order transmission of two metal films each having a single aperture, one metal 
film having nominally smooth surfaces and the other metal film being provided with a surface having a periodic sur- 
face topography with a period P - 0.5 u.m; 

FIG. 12 is a plan view of a metal film having an array of apertures and a periodic surface topography, in which the 
surface features comprising the periodic surface topography have a period P = 0.5 urn and the array of apertures 
have a period of 1 .06 ^m, such that the array of periodic surface features and the array of apertures are positionally 
incommensurate ; 

FIG. 13 is a wire diagram showing the spatial distribution of zero-order white light transmitted through the structure 
shown in FIG. 12; 

FIG. 14 is a perspective, schematic diagram illustrating an apparatus which selectively varies the transmission of 
light therethrough by changing the incident angle of the light, such a device being effective as a wavelength-selec- 
tive optical filter; 

FIGS. 1 5A and 1 SB are perspective, schematic diagrams of light collectors of the present invention; 

FIG 16A is a perspective, schematic diagram of a near-field scanning optical microscope probe of the present 

invention, the probe being operated in a collection mode; 

FIG 16B is an exploded schematic diagram of a near-field scanning optical microscope probe of the present inven- 
tion; 

FIG. 16C is a perspective, schematic diagram of a near-field scanning optical microscope probe of the present 
invention, the probe being operated in an emission mode; 

FIG. 17A is a perspective, schematic diagram showing an enhanced light transmission apparatus of the present 
invention utilized as a photolithographic mask according to the present invention; and 

FIG. 17B is a perspective, schematic diagram showing a resulting pattern transferred onto a substrate with a pho- 
tosensitive coating using the photolithographic mask of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0021] Referring now to the figures. FIGS. 1-5 illustrate (not necessarily to scale) several illustrative embodiments 
of an enhanced light transmission apparatus 10 of the present invention. Generally speaking, the enhanced light trans- 
mission apparatus 10 includes a thin metal plate or thin metal film 20 having a first surface 20a and a second surface 
20b. The metal film 20 has at least one aperture or hole 30 provided therein, and at least one of the surfaces 20a, 20b 
of the metal film 20 includes a periodic surface topography as will be described below. Prior to describing particular 
embodiments of the invention, it will be useful to elaborate upon several terms which are important to understanding 
the invention. 

[0022] Metal film 20 may comprise a metal film or a metal plate. The material comprising metal film 20 may be any 
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conductive material, such as any metal or a doped semiconductor, and is preferably aluminum, silver, gold or chromium. 
[0023] A surface which includes a periodic surface topography is any surface which exhibits raised and/or 
depressed regions (as opposed to a substantially smooth surface), wherein such regions are arranged with a periodicity 
or in a regularly repeated pattern (e.g. a regular, two<Jimensional lattice). For example, surfaces which exhibit a peri- 

s odic surface topography may include (but are not in any way limited to) the following: (1) a surface in which a plurality 
of cylindrical or semi -spherical concave depressions ("dimples'') are provided, the dimples being arranged in a periodic 
pattern on the surface; (2) a surface in which a plurality of cylindrical or semi-spherical protrusions are provided, the 
semi-spherical protrusions being arranged in a periodic pattern on the surface; (3) a surface in which a plurality of 
curved or linear depressed grooves are provided, the grooves being arranged in a periodic pattern on the surface; (4) 

10 a surface in which a plurality of curved or linear raised ribs are provided, the ribs being arranged in a periodic pattern 
on the surface; (5) a surface in which a plurality of depressed or raised rings are provided, the rings being arranged in 
a periodic pattern (e.g. concentrically) on the surface; and (6) any combination of the above. In general, the periodic 
surface topography does not include the apertures 30 provided in the metal film 20, although a plurality of such aper- 
tures could be provided in a periodic pattern if desired. 

is [0024] To distinguish between apertures 30 (which pass through the entire thickness of the metal film) and protru- 
sions/depressions in a metal film surface, which metal film is otherwise nominally smooth (aside from the apertures), 
the term "surface feature" will be used to refer to protrusions on the surface and depressions in the surface which do 
not pass through the entire thickness of the metal film and therefore are not apertures. For example, dimples, semi- 
spherical protrusions, grooves, rings and ribs are surface features. Surface features may be fabricated with any desired 

20 shape. In addition, the invention is not intended to be limited by any particular dimensions of the surface features. Nev- 
ertheless, it is preferable that the width or diameter d SF of a surface feature (that is, the dimension of a surface feature 
in the direction of periodicity) should be made less than the period P of the surface features. In addition, it is also pref- 
erable that the period P of the surface features multiplied by the refractive index n d of the medium adjacent the metal 
film should be made less than (and most preferably only slightly less than) the maximum wavelength A. of light which is 

25 desired to be transmitted through the metal film. That is, the preferable relationships (which is not intended to limit the 
invention) between d SF , P, n d X are: d SF < P and n d P <k. (Note that if two different media are adjacent the twO;Surfaces 
of the metal film, n d preferably corresponds to the smaller of the indices of refraction for the two media.) It should also 
be noted that the invention is effective so long as a plurality of periodic surface features (i.e. at least two) are present. 
Indeed, the invention is effective with as few as two periodic surface features. 

30 [0025] FIG. 1 is a perspective view of one exemplary embodiment of the enhanced light transmission apparatus of 
the present invention. The enhanced light transmission apparatus 10 shown in FIG. 1 includes a metal film 20 having a 
firsfcsurface 20a and a second surface 20b, each of which includes a periodic surface topography. Plan views of the first 
surface 20a and second surface 20b are shown in FIGS. 2A and 2B, respectively. As shown in FIG. 2A, first surface 20a 
includes a square array of apertures 30 and surface features 40 comprising dimples 42, wherein the array of dimples 

35 42 -have a period of P 7 . The dimples have a diameter of d SF as shown. As shown in FIG. 2B, second surface 20b 
includes an array of apertures 30 only which project through the entire thickness of the metal f 3m 20, the aperture array 
having a period of P 2 . As will be noted from a comparison of FIGS. 2 A and 2B. the periodic surface topography of first 
surface 20a has a period P 1 which is half the period P 2 of the periodically arranged array of apertures on both surfaces 
20a and 20b. The particular 2:1 ratio of periods P 2 Pt shown in FIGS. 2A and 2B is merely illustrative and is not a value 

40 necessary for the invention. 

[0026] Incident light, having an intensity of (incident and symbolically depicted by the arrow at the top of FIG. 1, is 
directed at the first surface 20a of metal film 20 and is transmitted from the aperture 30 at second surface 20b of metal 
film 20 as output light having an enhanced intensity of l ou put and symbolically depicted by the arrow at the bottom of 
FIG. 1 . It should be noted that enhanced transmission intensity also occurs if the light travels in the opposite direction 

45 through the structure (that is, if the light is incident on the second surface 20b and is transmitted as output light from 
first surface 20a having the periodic surface topography), but the enhancement in transmission intensity appears not to 
be as great in such a configuration. Accordingly, for maximum transmission enhancement it is preferred thakthe light 
is incident on the surface having the periodic surface topography. 

[0027] As shown in FIG. 1 , the diameter of an aperture 30 is denoted as d A . For maximum transmission enhance- 
so ment and maximum resolution, the diameter of the aperture(s) is preferably less than the wavelength of light incident 
on the aperture(s) (that is, the aperture(s) preferably have subwavelength diameter). The thickness of the metal film 20 
is denoted as r, and must be greater than the optical skin depth of the metal film (that is, the metal film should be suffi- 
ciently thick so as to be optically opaque), and is preferably in the range of approximately 0.05 to 10 times the aperture 
diameter d A . 

55 [0028] In the embodiment of FIGS. 1-2, an unsupported thin metal plate 20 is shown (that is, the metal plate 20 is 
not adjacent to or adhered to a supporting structure). However, a thin metal film 20 fixed to a substrate, such as by 
depositing the metal film on a glass or quartz, is also contemplated by the present invention. For example, a silver film 
of thickness t = 0.2 um may be deposited by evaporation on a fused quartz or glass substrate. When a substrate is 
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used, the periodic surface may be provided on either the exposed (a,r) surface or on the "JjJJSiSJSSS 
strata interface. If the periodic surface topography is provided on the metal surface at the ^ f ' ^52? 

the surface features may be provided on the metal film by. for example, creating a "negative" of the pattern on the sub- 
strate surface and depositing the metal film onto the negatively patterned substrate surface. 

[0029] Furthermore, while the apertures 30 and dmp.es 42 in the embodiment of FIGS. 1 -2 are * .own im round or 
UxMGd. **» fe^ss may tanota shapes.^** as oval, reetanguiar or*Ki»ptd. r^^^S^S 
^ of the invention, indeed, surface features 40 may include protrusions and/or depresses « Jta™£P"££ 
surface of any size (so long as the width or diameter d SF of the surface feature is less than t»P»" ■ «*J 
features) or shape as discussed above. Additionally, while the periodic arrays shown in ^ JSdos 

are square arrays, other two-dimensional periodic array configurations of apertures and surface features are also pos- 
sible, such as triangular, without deviating from the teaching of the invention. ^ annthorswm 
,00301 FIGS 3A and 3B are plan views of first and second surfaces 20a and 20b. respectively, of another exertv 
Safy lmbo^ mant d the enhanced light transmission apparatus of the present invention. In this embodiment Jhe metal 
Sm 20 haTaTingle aperture 30 provided therein. First surface 20a is ^^^^* e ^| r | ^e «tes42 

features 40 comprising a plurality of dimples 42 similar to those shown in the embodiment of FIGS. 1-2 Jhe dimples 42 
^ al^rTi shoJand being arranged in a periodic pattern with a period 

*tod only with the single aperture 30. When light is directed incident on first surface 20a. oulput light having an 
enhanced intensity is transmitted from the aperture 30 at second surface 20b. 

[003lT HGS4A wd4B are plan views of first and second surfaces 20a and 20b, respectively, of yet an°J' ier e * s ^~ 
p.ary embodiment of the enhanced light transmission apparatus of the present invention. Again 
metal fOm 20 has a single aperture 30 provided therein. First surface 20a is provided with the single aperture 30 and 
Matures 40 comprising depressed grooves 44. the grooves 44 having « width in the direction «^<** 
h «%hown and beino arranged in a periodic pattern (coextensive and parallel to one another) with a period P, . Sec- 
su£c7£)Xr^^^^ singlelerture 30. When .ight is directed incident on f irst surface 20a, oulput 

light having an enhanced intensity is transmitted from the aperture 30 at second surface 20b. 
[0032] FIGS. 5A and 5B are plan views of first and second surfaces 20a and 20b, respectively, of yet another ^em- 
olarv embodiment of the enhanced light transmission apparatus of the present invention. Once again in this embod.- 
mert tne me^f ilm 20 has a single aperture 30 provided therein. First surface 20a is provided with the single aperture 
^dsuSfSesl? comprising depressed grooves 46. the grooves 46 having a width in t» director. of, peno- 
so ^of Cas shown and being arranged in a periodic pattern (two sets of parallel grooves t ^ t ^^^' 
atright angles) with a period P,. The grooves 46 in the illustrated embodiment are shown as being relatively nanower 
£ £ TL gmoves 44 in 'the embodiment of FIG. 4, but this need not be the case. The hor-zc^grc^es 4^re 
^othowi as having the same width as the vertical grooves 46 in the figure, but this also does not need to be he case. 
Te two^tTof parallel grooves also need not intersect at right angles, but may instead intersect at other angles Add, 
tionaTy Z Spacing between grooves need not be the same in the two sets of parallel grooves. Furthermore, more than 
^ntereecto I sete Xooves may be provided. Second surface 20b is provided only with the s.ngle aperture 30. 
£X^ mS Ton first suSace 20a. output light having an enhanced intensity is transmitted from the 

K'^S^^^ 

plary embodiment of the enhanced light transmission apparatus of the presem irwenticn. Once again 
ment. the metal film 20 has a single aperture 30 provided therein. ^^^F'^T^^^^^ 
30 and surface features 40 comprising depressed concentric rings 48. The per.od.cty in this embodiment is n the radial 
^on aTSposS Z (H periodicrty shown in FIGS. 1 -5. The rings 48 have a width in the direction of periodicity 
rfT^STand I are pranged in a periodic pattern (i.e. concentrically with periodically increasing radii with a 

face 20a output light having an enhanced intensity is transmitted from the aperture 30 at second surface 20b. 
So34] kTthe embodiments of FIGS. 1-6. depressed surface features (e.g. dimples, grooves and depressed rings) 
Sown .^e intention also encompasses raised surface features as noted above, and raised **£^£i 
vSed in the periodically arrangements shown in FIGS. 1-6 (e.g. raised protrusions, raised nbs. or raised nngs) could 

film comprised of silver, having a thickness of about 300 nm. was thermally evaporated onto a quartz substrate. The 
STm ^optically opaque. Apertures and surface features were then fabricated in the metel film using a Mcnon 
9500 FocuS ton Beam machine(50 keV Ga ions. 5 nm nominal spot diameter). The individual aperture diameter d A 
se features d SF (such as the diameter of the dimples or the wflth of^ = y were ™- 

fed between 100 nm and 600 nm among different individual samples. The periodicrty of the surface topography, P,. was 
also varied between 0.4 nm and 2.0 fim. ^ nrrlor j 
[0036] To analyze the operation of the apparatus, the zero-order transmission images and spectra were recorded 
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as follows. Single images and spectra were obtained using a far-field transmission imaging microscope (Nikon 
TE2000). The image was focused onto the entrance slit of a spectrometer (ISA Triax 320) and detected with a liquid 
nitrogen-cooled charge coupled device (CCD, Princeton Instruments) camera. For imaging purposes, the diffraction 
grating was replaced with a mirror, and the image was projected onto the CCD. Spatial isolation of a single aperture or 

5 array along the horizontal axis was achieved using the entrance slit of the spectrometer. 

[0037] The physical principles which give rise to enhanced light transmission through a metal film, provided with a 
periodic surface topography and perforated with one or more apertures, which yield the enhanced light transmission 
offered by the present invention, will now be discussed to enhance understanding of the operation of the invention. 
[0038] As discussed above, a metal film perforated with an array of apertures and with nominally smooth surfaces 

10 (that is, without a surface with a periodic surface topography) exhibit distinct zero-order transmission spectra with well- 
defined peaks and strongly enhanced transmission efficiencies. These maxima result from a resonant interaction of 
incident light with surface plasmons on both surfaces 20a and 20b of the metal film. See Ghaemi et at., supra. 
[0039] FIG. 7 illustrates the relevant geometries of incident and output light and its coupling to surface plasmons in 
the metal film of the apparatus of the present invention. An enhanced light transmission apparatus 10, constructed 

15 according to the present invention, is shown with incident light wavevector k inc and output light wavevector fc^. 
Wavevector k mc is incident on enhanced light transmission apparatus 1 0 at an angle 9 with respect to a normal N to the 
surface of enhanced light transmission apparatus 10. Wavevector k out is parallel to wavevector k inc . Wavevector k x is 
that portion of k inc which lies in the plane of the surface of enhanced light transmission apparatus 10. 
[0040] When the incident light is p-polarized (that is, the incident electric field is parallel to the x-axis while the per- 

20 forated metal film unit is rotated about the y-axis through an angle 0), the coupling of light with surface plasmons on a 
metal surface with any periodic structure (such as a periodic surface topography or a periodic array of apertures, or a 
combination of both) follows momentum conservation (see H. Raether, supra): 



25 



/?^ = ? x + /S x + y5 y d) 

where k ^ is the surface plasmon wave vector; £ x = x{2n/X)s\nB is the component of the wavevector of the incident 
light k inc which lies in the plane of the metal film as shown in FIG. 7; 5 X and G y are the reciprocal lattice vectors cor- 
responding to the periodic lattice of the surface structure, for example a square lattice with S x = & y = (2n/ P); t where 
P is the period of the surface features; e is the angle between the incident wavevector k inc and the surface normal N of 
30 the metal film as shown in FIG. 7; and / and / are integers. The magnitude of k ^ can be found from the dispersion 
relation (see H. Raether, supra): 



35 




(2) 



40 where o is the angular frequency of the incident optical beam, and £ m and are the dielectric constants of the metal 
and dielectric medium, respectively. Here, it is assumed that e m <0 and |e m |>£d. which is the case for a metal below the 
bulk plasmon energy and also for a doped semiconductor. See H. Raether, supra; M. Ordal et al.. "Optical Properties 
of the metals Al, Co, Cu. Au, Fe. Pb. Ni. Pd. Pt, Ag, Ti, and W in the infrared and far infrared," Applied Optics. Vol. 22. 
No. 7, pp. 1 099-1 1 1 9 (Apr. i ,1 983). When the transmitted intensity is plotted on a gray scale as a function of E and k x , 

45 the resulting energy-momentum (E, k x ) diagram (also known as a "dispersion diagram-) shows a set of bands of high 
transmission, which set of bands reproduces the surface plasmon dispersion given in Equation (2). The transmission 
spectra are independent of which side of the perforated metal film is illuminated, even if the media substantially adja- 
cent to the metal film are significantly different. % 
[0041] These effects are illustrated in FIGS. 8A and 8B. FIGS. 8A and 8B are wire diagrams showing transmitted 

so spectra as a function of incident light angle e for a metal film with an array of apertures but without having a. periodic 
surface topography (FIG. 8A), and for a metal film with an array of apertures and having a periodic surface topography 
(FIG. 8B). In particular, the structure used to generate the data shown in FIG. 8B includes a periodic array of dimples 
and is similar to the embodiment shown in FIGS. 1 and 2. In each case, the metal film is a silver film about 300 nm thick 
deposited on a quartz substrate, the diameter of the apertures is about 200 nm, and in the case of FIG. 8B, the diameter 

55 of the dimples is also about 200nm. The period of the apertures alone is P = 2.0 nm, while the period of dimples is P = 
0.5 um. 

[0042] The minima in the transmission spectrum were identified as the result of Wood's anomaly, which occurs in 
diffraction gratings when a diffracted beam emerges tangent to the grating. See H. F. Ghaemi et al., supra; R.W. Wood, 
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supra. The conditions for the occurrence of Wood's anomaly are similar to Equations (1) and (2), except that k sp is 
replaced by the wavevector of the grazing (tangent to the grating) light, which has a magnitude given by 
k diff - K 27cn dV^] . where n d - Je~ dt the refractive index of the supporting layer. For highly ordered arrays, the widths 
of the Wood's anomaly minima can be very small, and in general have been found to be limited by the resolution of the 

5 spectrometer. Wood mentioned the fact that in high quality diffraction gratings, the two main sodium lines can be sep- 
arated by this effect, corresponding to a wavelength resolution of 0.6 nm. The optical filter of the present invention 
(described below) utilizes this phenomenon by modulating the transmitted intensity with a high contrast ratio by varying 
the angle of incidence of light to the metal film 6 over a very small amount, as will be discussed below. 
[0043] The geometry dependence for the occurrence of Wood's anomaly gives a set of minima which closely follow 

10 the dispersion of the surface plasmon branches in the (E, k x ) diagram. Since the majority of dispersion curves traverses 
the (E, k x ) plane with finite slope, it follows that for a fixed photon energy E (or fixed wavelength), the transmitted inten- 
sity traverses maxima and minima as the angle of incidence 9 is varied. Accordingly, either the wavelength or the ampli- 
tude of the transmitted light can be controlled by varying the angle of incidence 0. 

[0044] Conversely, for fixed incident angle 9. the transmission exhibits minima and maxima as E (or X) is varied. 
15 When light is incident normal to the metal film (i.e. 0=0). the wavelengths at which the maxima occur can be found by 
combining Equations (1 ) and (2). 
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25 and similarly for the minima: 



35 [0045] There will be one set of maxima and minima in the transmission spectrum for each surface of the array. If 
the medium in contact with the metal film on one side (surface) is air and the other is quartz, for example, then the 
maxima and minima in the transmission spectrum for each surface will be distinguishable from one another due to the 
refractive index difference between quartz and air. See Ebbesen et aL, supra, and Ghaemi et al., supra. 
[0046] The inventors have found that if the surface of the metal film is structured with periodic indentations or 

40 bumps (that is, if the surface is provided with a periodic surface topography), the metal film still has well-defined surface 
plasmon resonances even when provided with relatively fewer apertures than found in previous devices which have 
apertures only. This is graphically demonstrated in FIG. 9, which compares the typical zero-order transmission spec- 
trum of two metal films, one of which is provided with apertures only and the other of which is provided with apertures 
as well as surface features on one surface in the configuration of FIGS. 2A and 2B. The metal films are silver films with 

45 a thickness of about 300 nm. In each metal film, one surface is adjacent to a quartz substrate and 
the other surface is exposed to air. In the first metal film (represented by a dashed line), a square 
array of apertures only is provided, the array having a period P of 1 um on both the air- and quartz-side surfaces 
(P(air-side surface) = P(quartz-side surface) = 1 jim) . In the second film (represented by a solid line), a square array 
of apertures and indentations or dimples is provided on the air-side surface with a period P(air-side surface) = 0.5 um, 

50 and a corresponding square array of apertures only is provided on the quartz-side surface with a period of P(quartz- 
side surface) = 1.0 um. The aperture and dimple diameters are about 200nm. The notation used to refer to the peaks 
in FIG. 9 uses (i. j) pairs as defined by Equations (3) and (4), followed by either the letter W A M referring to the air-side 
surface or the letter "G" referring to the quartz-side (glass) surface, followed by the period size in microns. 
[0047] It can be seen in FIG. 9 that in the apertures and dimples case, the transmission peaks corresponding to 

55 P(air-side surface) = 1 um (labeled "Al .Ourrf) disappear in comparison to the apertures-only case, and that the P(air- 
side surface) = 0.5 um transmission peak (labeled "(1 ,0)A0.5um") becomes significantly more intense. This is because, 
with the dimples present, the air-metal surface is characterized by a periodic square array of depressions (whether 
apertures or dimples) with P = 0.5 nm. Moreover, the transmission of the aperture array alone, which is already 



BNSDOCID: <EP 1008870A1_I_> 



4 



EP 1 008 870 A1 

enhanced compared to single apertures not in an array, is even more strongly enhanced when the incident light is res- 
onant with surface plasmon modes associated with the dimples. This is clearly apparent in the graphs of FIGS. 8A and 
8B, as well as in the (E, k x ) dispersion diagrams of FIGS. 10A and 10B, which compare perforated metal film samples 
without surface features (FIGS. 8A and 10A) to perforated metal film samples having dimple-shaped surface features 
5 (FIGS. 8B and 10B). The bright bands in FIG. 10B which are not present in FIG. 10A correspond to surface plasmon 
modes of the P = 0.5 \im dimple array, showing that the presence of the periodic surface topography further enhances 
the light transmission. 

[0048] This remarkable transmission enhancement occurs not only for large arrays of apertures but also in the case 
of small numbers of apertures or even a single aperture. FIG. 1 1 is a graph comparing the typical zero-order transrnis- 

w sionispectrum of a single aperture in a metal film provided with a periodic surface topography comprising dimple- 
shaped surface features having a period of P = 0.5 jim (such as the enhanced light transmission apparatus embodi- 
mentillustrated in FIG. 3), with that of a single aperture in a smooth metal film which does not have a periodic surface 
topography. The single aperture in the periodically structured surface case exhibits transmission maxima and minima 
expected for the period of the surface features (see Ghaemi et a!., supra) and at the transmission maxima strong trans- 

15 mission enhancement is observed as compared to the single aperture in the smooth metal film. 

[0049] In the examples of FIGS. 9 and 1 1 , the aperture(s) are placed in register with the surface features (e.g. the 
dimples) as shown in FIG. 2A, for example. Specifically, the apertures and the surface features are positionally com- 
mensurate and positionally in phase: that is, the apertures are positioned at sites which would otherwise be occupied 
by surface features (positionally in phase) and the ratio of the period of the apertures to the period of the surface fea- 

20 tures is a simple integer (positionally commensurate). If the ratio of the period of the apertures to the period of the sur- 
face features is a simple integer but the apertures are not positioned at sites which would otherwise be occupied by 
surface features, then the aperture array is commensurate with the surface feature array but the two arrays are not in 
phase. If the ratio of the period of the apertures to the period of the surface features is not a simple integer, then the 
aperture array and the surface feature array are positionally incommensurate as illustrated in FIG. 12. In a positionally 

25 incommensurate structure, the high transmission afforded by the invention only occurs at such locations where.the two 
periodic structures are close to being in phase (such as at positions 51 in FIG. 12), and the transmission is not 
enhanced or lower where the two arrays are out of phase (such as at positions 52 in FIG. 12). This is demonstrated in 
FIG. 13, which is a wire diagram showing the spatial distribution of light emerging from the positionally incommensurate 
structure of FIG. 12 when illuminated uniformly with white light 

30 [0050] As discussed above, the enhanced transmission spectra of a metal film having one or more apertures and 
at least one surface exhibiting a periodic surface topography are dependent upon the angle of the light incident upon 
the surface. This angular dependence effect results in a novel wavelength-selective optical filter 70 as shown in FIG. 
14. An enhanced light transmission apparatus 10, constructed as described above, is preferably mounted to a support 
vJ72, such as a substrate, and the support is preferably mounted to a rotatable axle 74. The surface features comprising 

35 the periodic surface topography of enhanced light transmission apparatus 10 are preferably commensurate and in 
phase with the periodic apertures. Dashed line N represents a line normal to the surface of optical filter 70, and the 
angle of light incident on the optical filter 70 is denoted by angle e with respect to the normal N. By rotatabiy adjusting 
the optical filter 70, and hence changing the angle of incidence 0, the wavelength at which the light transmission peaks 
as a function of the angle is selectively variable as shown in FIGS. 8 and 1 0. By using this property, an optical filter com- 

40 prising a metal film with one or more apertures and having at least one surface with a periodic surface topography, 
adjustable to obtain a predetermined incidence angle, can be formed. As the incidence angle of the filter is varied, the 
wavelengths of light transmitted through the filter are also varied and are selectable based on the selected incidence 
angle. 

[0051] This wavelength-selective optical filter can be used for ultraviolet, visible and longer wavelengths. The 
45 advantage of this arrangement is that the output light is colinear with the input light, thereby obviating the need to redi- 
rect the optical beam, in contrast to attenuated total reflection devices (see H. Raether, supra). In addition, the periodic 
surface topography is a clearly distinguishing structural departure from the prior art In particular, infrared and micro- 
wave mesh devices of the prior art include apertures alone, while the present invention features the combination of 
apertures and a periodic surface topography. u- 
50 [0052] Another optical filter variation afforded by the present invention is a spatial optical filter. A spatial optical filter 
is a filter which enables variation of the wavelength and/or intensity of transmitted light at selected positions along the 
surface space of the filter. A spatial optical filter of the present invention utilizes an enhanced light transmission appa- 
ratus 10 as described above, wherein the periodic surface features comprising the periodic surface topography are 
incommensurate and/or out of phase with the periodic apertures. By varying the commensurability and/or the phase dif- 
55 ference between the surface features and the apertures, the wavelength and/or intensity of transmitted light transmitted 
through the filter at any given position can be controlled as shown in FIGS. 12 and 13. For example, the periodically 
arranged surface features may be positioned on the metal film so as to be either in or out of phase with the periodically 
arranged apertures at any given position. In this arrangement, enhanced transmission will occur through apertures 
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where the surface features (that is, the periodic surface topography) are in phase with the periodically arranged aper- 
tures, and enhanced transmission will not occur though apertures where the surface features are not in phase with the 
periodically arranged apertures. The spatial optical filter of the present invention can be fixedly mounted or, if it is 
desired to combine the effects of the incommensurate and/or out-of phase arrays with angular transmission depend- 
ence, the spatial optical filter can be rotatably mounted as shown in FIG. 14. 

[0053] The enhanced light transmission apparatus of the present invention, having both one or more apertures and 
at least one surface with a periodic surface topography, exhibit improved wavelength selectivity as optical fitters in com- 
parison to conventional mesh arrays (that is, sparse meshes or wire arrays used as filters in the infrared or microwave 
regions; see R. Ulrich, "Far-Infrared Properties Of Metallic Mesh And Its Complimentary Structure/ Infrared Physics, 
Vol. 7, pp. 37-55 (1967), and L.C. Botten et al. a "Inductive Grids In The Resonant Region: Theory And Experiment," 
International Journal of Infrared and Millimeter Waves, Vol. 6, No.7, pp. 511-575 (1985)). Moreover, unlike photonic 
band gap arrays where the material is passive and translucent at all wavelengths except at the energies within the gap. 
the present invention provides a material that is opaque at all wavelengths except those for which coupling occurs. 
[0054] Another application of the invention is as a light beam collector as shown in FIGS. 15A and 15B. Light (indi- 
cated by the arrow labeled l inC j den t) «s incident on an enhanced light transmission apparatus 10. The enhanced light 
transmission apparatus 10 includes a metal film 20 deposited on a substrate 80. As shown in FIG. 15A, metal fflm 20 
is provided with a plurality of apertures 30. and the metal film 20 has periodically arranged surface features 40 provided 
on at least one surface thereof. After coupling with the periodic surface features 40, the collected light travels through 
the plurality of apertures 30 to corresponding optic fibers 82 which are provided in communication with, and preferably 
as close as possible to, the apertures. Alternatively, a single aperture may be provided in the metal film as shown in 
FIG. 1 SB, wherein a single optic fiber 82 is provided in communication with the single aperture 30 for collecting light for 
transmission into one optic fiber. 

[0055] In the light collectors of FIGS. 15A and 15B, the intensity of the light passing through the apertures 30 and 
entering into the fibers 82 is enhanced by the enhanced light transmission apparatus 10 of the present invention as 
described above. The aspect ratio of the apertures 30 is not critical, but the periodicity of the surface features 40 is 
important for determining the wavelength of the enhanced light collection as described above (see Eqs. (3) and (4) 
above, for example). Previously, it was difficult to direct light into subwavelength fibers. Complex lenses and alignment 
devices were used to direct the light. Since in the present invention the apertures transmit more light than the aperture 
surface area, the metal aperture and surface feature array acts like a light collector. As a result, coupling light into fibers 
(including subwavelength ftoers if the apertures are of subwavelength diameter) is made efficient. Indeed, the light col- 
lector of the present invention is even more efficient than light collectors utilizing "aperture-only" arrays as opposed to 
the combination of one or more apertures and periodic surface features as used in the present invention. 
[0056] Another application for the structure surface with a single aperture is in near-field scanning optical micros- 
copy ("NSOM"). FIGS. 16A-16C illustrate near-field scanning optical microscope probes constructed according to the 
present invention. As shown in FIGS. 16A and 16B, a light source 90 transmits light through a specimen 92 supported 
by a support (not shown) into a probe 100 which acts as a light collector. The probe 100 is a light conveying device 
which includes a frontal surface 102. A metal film 104, corresponding to the metal film 20 utilized in the enhanced light 
transmission apparatus 1 0 described above, is fixed to the frontal surface 1 02 of the probe, by deposition, for example. 
The metal film 104 includes a single, subwavelength-diameter aperture 106 and an array of surface features 108, such 
as dimples, for enhancing the intensity of the light collected by the probe. The collected light is directed through the 
probe as shown by the arrow in FIG. 16A for subsequent conventional NSOM signal processing. It should be noted that 
the periodic surface topography may be provided either on the side of the metal film 104 facing the sample or on the 
side of the metal film opposite the sample and adjacent the frontal surface 1 02 of the probe 1 00. 
[0057] FIG. 16C shows an alternative embodiment of the near-field scanning optical microscope probe of the 
present invention, in which the probe acts as a light source (emission mode) instead of a light collector (collection 
mode). The construction of the probe is similar to that shown in FIGS. 16A-B. Light is directed into the probe 100 toward 
the frontal surface 102 as shown by the arrow in FIG. 16C. The light couples with the periodic array of surface features 
108, such as dimples, on the exposed surface of the metal film 104. The light is then transmitted via the single subwave- 
length-diameter aperture 106 in the frontal surface 102, through the specimen 92, to a photodetector 94 for conven- 
tional signal processing. The inclusion of at least two surface features 1 08 in the metal film 1 04 on the frontal surface 
102 of probe 100 enhances the intensity of light transmitted from the probe 100 into the specimen 92 for subsequent 
collection at photodetector 94. 

[0058] The resolution of the NSOM is determined by the size of the aperture, so the smaller the aperture the better 
the resolution. However, in practice there is a practical limit to the resolution achievable because the transmission of a 
subwavelength-diameter aperture decreases as (d/X) 4 as discussed above, which results in very low intensity signals. 
Therefore, as the aperture is made smaller to achieve finer resolution, the enhanced light transmission offered by the 
single subwavelength-diameter aperture NSOM probe of the present invention (in combination with the periodic surface 
topography) becomes increasingly advantageous as compared to conventional NSOM apertures since, in the present 
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invention, the light transmission depends linearly on the surface area of the aperture and the wavelength is determined 
only by the period and symmetries of the surface features surrounding the aperture. In other words, the NSOM probe 
of the present invention is not hampered by (6/k A ) dependence. 

[0059] In another application of the invention shown in FIG. 1 7A and 17B, the enhanced light transmission appara- 
5 tus of the present invention with a single or several apertures can be used to make novel masks for subwavelength pho- 
tolithography by virtue of the arrangement of the periodic surface features and the apertures in the metallic mask. The 
mask 120 comprises a metal film 122, which may be deposited on a substrate (not shown), having one or more aper- 
tures 124 provided therein. A plurality of periodically arranged surface features 126, such as dimples, are also provided 
on a first surface 122a of metal film 122 so as to provide a periodic surface topography on first surface 122a of metal 
10 film 122. Incident light 130, having a wavelength k which is much greater than the diameter of the apertures 124, is 
directed at first surface 122a of the mask 120. Incident light 130 couples with the periodic surface topography and is 
projected through the apertures 124 in metal film 122 to yield lithographed images having features much smaller than 
QJ2). 

[0060] To illustrate the lithographic operation of the invention, the transfer of the letter "H" and two dots onto a sub- 
is strate 1 40 coated with photosensitive material is shown in FIG. 1 7A and 1 7B. Slit-shaped apertures 124a are fabricated 
in the metal film 122 in an arrangement corresponding to the image to be transferred (in this case, the letter n hT). In 
addition, round or "dot-shaped" apertures 124b are also provided to provide the two dots in the image. Light 130 is 
directed at the mask 1 20, whereupon the light is transmitted through the apertures 1 24a and 1 24b with enhanced trans- 
mission effect due to the periodic surface topography afforded by the surface features 126 as described above. As a 
20 result, the photoresist-coated substrate 140 is exposed in the pattern of the desired image 142. 

[0061 ] The photolithographic masks of the present invention allow subwavelength-width points or lines to be written 
onto photosensitive material without using deep-UV and X-ray sources. Instead, regular UV light sources, or even visi- 
ble light sources, may be used. In addition, the present invention permits the use of conventional photoresists, such as 
UV-sensitive or visible light-sensitive photoresists, instead of X-ray sensitive photoresists. 
25 [0082] While there has been described and illustrated various enhanced light transmission apparatus for use in cer- 
tain applications, it will be apparent to those skilled in the art that variations and modifications are possible without devi- 
ating from the spirit and broad teachings of the invention which shall be limited solely by the scope of the claims 
appended hereto. r * 

is 

30 Claims 

1 . An apparatus for enhanced light transmission comprising: 

a metal film having a first surface and a second surface; 
35 at least one aperture provided in the metal film and extending from the first surface to the second surface; and 

a periodic surface topography provided on at least one of the first and second surface of the metal film, 
whereby light incident on one of the surfaces of the metal film interacts with a surface plasma mode on at least 
one of the surfaces of the metal film thereby enhancing transmission of light through the at least one aperture 
in the metal film. 

40 

2. An apparatus for enhanced light transmission comprising: 

a metal film having a first surface and a second surface; 

a single aperture provided in the metal film and extending from the first surface to the second surface; and 
45 a periodic surface topography provided on at least one of the first and second surface of the metal film, 

whereby light incident on one of the surfaces of the metal film interacts with a surface plasmon mode on at least 
one of the surfaces of the metal film thereby enhancing transmission of light through the aperture in-the metal 
film. 

so 3. The apparatus for enhanced light-transmission of Claims 1 or 2, wherein the metal film is fixed to a substrate. 

4. The. apparatus for enhanced light transmission of Claims 1 or 2, wherein the periodic surface topography com- 
prises a plurality of surface features. 

55 5. The apparatus for enhanced light transmission of Claim 4, wherein the surface features comprise dimples. 

6. The apparatus for enhanced light transmission of Claim 4, wherein the surface features comprise semi -spherical 
protrusions. 
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7. The apparatus for enhanced light transmission of Claim 4, wherein the surface features comprise grooves. 

8. The apparatus for enhanced light transmission of Claim 4, wherein the surface features comprise ribs. 

5 9. The apparatus for enhanced light transmission of Claim 4, wherein the surface features comprise concentric 
depressed rings. 

10. The apparatus For enhanced light transmission of claim 4, wherein the surface features comprise concentric raised 
rings. 

10 

11. The apparatus for enhanced light transmission of Claim 1 , wherein the at least one aperture comprises a single 
aperture. 

12. The apparatus for enhanced light transmission of Claim 1 , wherein the at least one aperture comprises a plurality 
15 of aperture. 

13. The apparatus for enhanced light transmission of Claim12, wherein the plurality of apertures are periodically 
arranged, wherein the periodic surface topography comprises a plurality of surface features, and wherein the peri- 
odic apertures and the periodic surface features are positionally commensurate and in phase. 

20 

14. The apparatus for enhanced light transmission of Claims 1 or 2. wherein the apertures are cylindrical^ shaped. 

15. The apparatus for enhanced light transmission of Claims 1 or 2, wherein the apertures are slit-shaped. 

25 16. The apparatus far enhanced light transmission of Claims 1 or 2, wherein the apertures are rectangularity-shaped 

17. The apparatus for enhanced light transmission of Claims 1 or 2, wherein the light is incident on a surface of the 
metal film having the periodic surface topography provided thereon. 

30 18. An optical filter comprising: 

a metal film having a rust surface and a second surface; at least one aperture provided in the metal film and 
extending from the first surface to the second surface; 

a periodic surface topography provided on at least one of the first and second surface of the metal film, 
35 whereby light incident on one of the surfaces of the metal film interacts with a surface plasmon mode on at least 

one of the surfaces of the metal film thereby enhancing transmission of light through the at least one aperture 
in the metal film; and 

means for adjusting the orientation of the metal film with respect to light incident thereon, such that only light 
of a specific range of wavelengths is transmitted through the apertures in the metal film. 

40 

19. The optical filter of Claim 18, wherein the at least one aperture comprises a single aperture. 

20. Tile optical filter of Claim 18, wherein the at least one aperture comprises a plurality of apertures. 

45 21 . The optical filter of Claim 20, wherein the plurality of apertures are periodically arranged, wherein the periodic sur- 
face topography comprises a plurality of surface features, and wherein the periodic apertures and the periodic sur- 
face features are positionally commensurate and in phase. 

22. The optical filter of Claim 18, wherein the light is incident on a surface of the metal film having the periodic surface 
so topography provided thereon. 

23. A spatial optical filter comprising: 

a metal film having a first surface and a second surface;. 
55 a plurality of periodically arranged aperture provided in the metal film and extending from the first surface to 

the second surface; and 

a periodic surface topography provided on at least one of the first and second surface of the metal film, the peri- 
odic surface topography being in phase with the periodically arranged apertures at first positions on the metal 
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film where enhanced transmission is desired and out of phase with the periodically arranged apertures at sec- 
ond positions on the metal film where enhanced transmission is not desired, whereby light incident on one of 
the surfaces of the metal film interacts with a surface plasmon mode on at least one of the surfaces of the metal 
film thereby enhancing transmission of light through apertures at the first positions in the metal film and not 
5 enhancing transmission of light through apertures at the second positions in the metal film. 

24. The spatial optical filter of Claim 23. wherein the light is incident on a surface of the metal film having the periodic 
surface topography provided thereon. 

io 25. The spatial optical filter of Claim 23, further comprising means for adjusting the orientation of the metal film with 
respect to light incident thereon, such that only light of a specific range of wavelengths is transmitted through the 
apertures in the metal film. 

A light collector comprising: 

a metal film having a first surface and a second surface; 

at least one aperture provided in the metal film and extending from the first surface to the second surface; 
a periodic surface topography provided on at least one of the first and second surface of the metal film, 
whereby light incident on one of the surfaces of the metal film interacts with a surface plasmon mode on at least 
one of the surfaces of the metal film thereby enhancing transmission of light through the at least one aperture 
in the metal film; and 

an optic fiber disposed in communication with each aperture such that light traveling through each aperture 
enters a corresponding optic fiber. 

25 27. The light collector of Claim 26, wherein the at least one aperture comprises a single aperture. 

28. The light collector of Claim 26, wherein the at least one aperture comprises a plurality of apertures. 

29. The light collector of Claim 28, wherein the plurality of apertures are periodically arranged, wherein the periodic 
30 surface topography comprises a plurality of surface features, and wherein the periodic apertures and the periodic 

surface features are positionally commensurate and in phase. 

30. The light collector of Claim 26, wherein the light is incident on a surface of the metal fun having the periodic surface 
topography provided thereon. 

35 

31. A near-field scanning optical microscope probe for use in a collection mode in a near-field scanning optical micro- 
scope including a light source and a photodetector. the near-field scanning optical microscope probe comprising: 

a light conveying device having a frontal surface disposed in proximity to the light source for receiving light from 
the light source; 

a metal film disposed on the frontal surface, the metal film having a first surface fixed to the frontal surface of 
the light conveying device frontal surface, and the metal film baying a second surface facing the light source; 
at least one aperture Provided in the metal film and extending from the first surface to the second surface; and 
a periodic surface topography provided on at least one of the first and second surfaces of the metal film, 
whereby light from the light source incident on the second surface of the metal film interacts with a surface 
plasmon mode on at least one of the surfaces of the metal film thereby enhancing transmission of light Jthrough 
the at least one aperture in the metal film, such that the enhanced transmitted light is conveyed through the 
light conveying device to the photodetector. 

so 32. A near-field scanning optical microscope probe for use in an emission mode in a near-field scanning optical micro- 
scope including a light source and a photodetector, the near-field scanning optical microscope probe comprising: 

a light conveying device having a frontal surface disposed in proximity to the photodetector for transmitting light 
to the photodetector; 

55 a metal film disposed on the frontal surface, the metal film having a first surface fixed to the frontal surface of 

the light conveying device frontal surface, and the metal film having a second surface facing the photodetector; 
at least one aperture provided in the metal film and extending from the first surface to the second surface; and 
a periodic surface topography provided on at least one of the first and second surfaces of the metal film, 
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whereby light from the light source will be conveyed through the light conveying device to the frontal surface 
and is incident on the first surface of the metal film so as to interact with a surface plasmon mode on at least 
one of the sirfaces of the metal film thereby enhancing transmission of the light through the at least one aper- 
ture in the metal f ilm, such that the enhanced transmitted light is transmitted to the photodetector. 

33. The near-field scanning optica! microscope probe of Claims 31 or 32, wherein the at least one aperture comprises 
a single aperture. 

34. The near-field scanning optical microscope probe of Claims 31 or 32, wherein the at least one aperture comprises 
a plurality of apertures. 

35. The new-field scanning optical microscope probe of Claim 34, wherein the plurality of apertures are periodically 
arranged, wherein, the periodic surface topography comprises a plurality of surface features, and wherein the peri- 
odic apertures and the periodic surface features are positionally commensurate and in phase. 

36. The near-field scanning optical microscope probe of Claim 31 . wherein the second surface of the metal film has the 
periodic surface topography provided thereon. 

37. The near-field scanning optical microscope probe of Claim 32, wherein the first surface of the metal film has the 
periodic surface topography provided thereon. 

38. A photolithographic mask for transferring all image to a photoresist coated substrate, the mask comprising: 

a metal film having a first surface and a second surface; 

at least one aperture provided in the metal film and extending from the first surface to the second surface, the 
at least one aperture being disposed in a pattern corresponding to the image to be transferred; and 
a periodic surface topography provided on at least one of the first and second surface of the metal film, 
whereby light incident on one of the surfaces of the metal film interacts with a surface ptasmon mode on at least 
one of the surfaces of the natal film thereby enhancing transmission of light through the at least one aperture 
in the metal film so as to expose the photoresist-coated substrate according to the pattern in the metal film, 
thereby transferring the image. 

39. The photolithographic mask of Claim 38 wherein the at least one aperture comprises a single aperture. 

40. The photolithographic mask of Claim 38, wherein the at least one aperture comprises a plurality of apertures. 

41. The photolithographic mask of Claim 40, wherein the plurality of aperture are periodically arranged, wherein the 
periodic surface topography comprises a plurality of surface features, and wherein the periodic apertures and the 
periodic surface features are positionally commensurate and in phase. 

42. The photolithographic mask of Claim 38, wherein the apertures are slit-shaped. 

43. The photolithographic mask of Claim 38, wherein the light is incident on a surface of the metal film having the peri- 
odic surface topography provided thereon. 



. <EP 1008870A1_I_> 



14 



EP 1 008 870 A1 




FIG. 1 



BNSOOCIDt <EP 1008870A1_f_> 



15 



EP 1 008 870 A1 




16 



BNSDOCID: <EP 1008870A1J_> 



EP 1 008 870 A1 



40 




FIG. 3B 



17 

BNSDOCID: <EP 1008870A1 _l_> 



EP 1 008 870 A1 



40 




FIG. 4B 



BNSDOCID: <EP 1008870A1_I_> 



EP 1 008 870 A1 




BNSDOCIO <EP 1008870A1_I_> 



EP 1 008 870 A1 





20 



BNSDOCID: <EP 100S870A1_I_> 



EP 1 008 870 A1 



10 




FIG. 7 



21 

BNSDOC1D: <EP „ 1008870A1J_> 



EP 1 008 870 A1 




FIG. 8A 



BNSOOCID: <EP 1008870A1J_> 



22 



EP 1 008 870 A1 




FIG. 8B 



BNSDOCIO. <EP ._1008870A1_I_> 



23 



EP 1 008 870 A1 



Transmission of array of apertures 




400 600 800 1000 1200 1400 1600 
Wavelength (nm) 



Array of Apertures and Dimples 
Array of Apertures Only 



FIG. 9 



BNSDOCID: <EP 1008870A1_I_> 



24 



EP 1 008 870 A1 



Apertures only (P 1 =2.0um) Apertures (Pj =2.0um) and Din pies (P 2 =0.5um) 




0.0 0.5 1.0 1.5 2.0 

Transmission (arb. units) 



BNSDOCIO: <EP 1008870A1_I_> 



25 



EP 1 008 870 A1 



Transmission of Single Aperture 
1 



Single aperture only 

Single aperture and 

array of dimples 




400 450 500 550 600 650 700 750 800 
Wavelength (nm) 



FIG. 11 



BNSDOCID: <EP 1008870A1_I_> 



26 



EP 1 008 870 A1 



1 .00 (•0«0(feOOK)OK)OC)0«0«0«0«6(»OC90aK>OC)OC>0«>0« 

00000000000000000000000000 000000000 

• 0^0(|0(^(^C^C)i)0#0|0«0<|0(»DC«)(yO«)0^| 

pOfi . ooooooooooooooooooooooooooooooooooc 

^vjoooooooooooooooooooooooooooooooooo? 

goaoaocpc^c^opofiOQoaoaoQpQpQpopor ' ' 
ooooooocrooooooDoooooaoaoaoaoooo _ 
n 7c - Qoaoaoopopopo^ODOQOQdaoaoctfqnopboofi 
/ o ooao<TOTOObo^o^oooooooaocToabaooTioT)oc 
ooQoaoopqpQpopoDoooQoaoaoQpQpopoooj 
oo"o(TowTOOt)Ouo™oBo*ocjodbroTOOvO*o^ 
ooooooqpooqoopoooooooooooQpQpopoaoc 
9 O TO to cto to o%> o% O B o to <^o <*d cJb c*5 o%> of 
ooooooooooooooooooooooooooooooooooo 

• o ^o<*o TO TO TO o%> o% o • o #o <^o TO C*> 0%) o%>o^ 
ooooooooooooooooooooooooooooooooooc 

0 50 -•o«oroTOTOoc>o«o%o*o*o<»oaK>a»c»c*DO«>o« 
oooooooooooooooooo" 

• 0<*0<»OG»OC»COO*>0#0# 

oooooooooooooooooo 
v do%o(y>cy>qpctf>o^)o#oi 
7 oooooooooooooooooo 

Qoaoaoqpqpctf)0£>ofiOQ 

oooooooooooooooooo 

0.25 - ooooaooba&otoDODoo 
QoaoaoaoophpopoDOQ 
5 offoJo tototoot>oo o B 

2 o a o Q k 0 QPQP9pd^2°2 0 ^ 0 Q.OQp^boopopoo 

oooooooooooooooopooooooooooapoooooo 
#o toto to to to o%> o • o#o to to<*oto to o%> o^o* 
ooooooooooooooooooopooooooooboooooo 
n •QqK)(K)gr)OPOg)Ot)0»o»oko(»oqK)Qi)oi6o«o»ot 




40 
30 



0.25 



0.50 



v 0.75 



1.00 



FIG. 12 



.1008870A1_I_> 



27 



EP 1 008 870 A1 




1.00 o 



FIG. 13 



BNSOOCIO: <EP 1008870A1_I_> 



28 



EP 1 008 870 A1 




FIG. 14 



BNSDOCID: <EP 1008870A1_1_> 



29 




BNSDOCiD: <EP 1008870A1_I_> 



EP 1 008 870 A1 



104 




100 



90' 



LIGHT 
SOURCE 




FIG. 16A 



FIG. 16B 



104 




FIG. 16C 



BNSDOCID: <EP 1008870A1_I_> 



31 



EP 1 008 870 A1 



130 



I I I I U H t 




FIG. 17A 

140 



FIG. 17B 




BNSOOCID: <EP 1008870A1_I_: 



32 



EP 1 008 870 A1 



J 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 99 11 6396 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate. 
: of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (IM.CL7) 



D,X 



D,A 



GHAEMI H F ET AL: "Surface plasmons 
enhance optical transmission through 
subwavelength holes" 

PHYSICAL REVIEW B (CONDENSED MATTER), 15 
SEPT. 1998, APS THROUGH AIP, USA, 
vol. 58, no. 11, pages 6779-6782, 
XP002133008 
ISSN: 0163-1829 

* the whole document * 

EBBESEN T W ET AL: "Extraordinary optical 
transmission through sub-wavelength hole 
arrays" 

NATURE, 12 FEB. 1998, MAC MIL LAN MAGAZINES , 
UK, 

vol. 391, no. 6668, pages 667-669, 
XP002133009 
ISSN: 0028-0836 

* the whole document * 

US 4 659 429 A (ISAACSON MICHAEL ET AL) 
21 April 1987 (1987-04-21) 

* column 6, line 34 - column 14, line 61; 
figures 3-11 * 

US 4 556 790 A (LI AO PAUL F ET AL) 
3 December 1985 (1985-12-03) 

* column 3, line 7 - column 14, line 17; 
figures 1-3 * 

US 5 250 812 A (MURAI FUMIO ET AL) 
5 October 1993 (1993-10-05) 

* column 3, line 63 - column 8, line 19; 
figures 1-10 * 

-/— . 



The present search report has been drawn up for all claims 



1-25 



G02B5/20 
G02B5/18 
G02B21/00 



31-37 
1-43 



1-43 



1-43 



1-43 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.7) 



G02B 

G03F 



s 
I 

CM 
CD 

3 

i 
s 



THE HAGUE 



Da to of completion of the soaich 

14 March 2000 



THE0PIST0U, P 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant If taken atone 

Y : particularly relevant if combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earfier patent document, but published on, or 

after the filing date 
D : document cited tn the application 
L : document cited for other reasons 

& : member of the same patent family, corresponding 
document 



33 



BNSDOCIO <EP 1008870A1 J_> 



r 



EP 1 008 870 A1 

r 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 99 11 6396 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to daim 



CLASSIFICATION OF THE 
APPLICATION flnt.CL7) 



US 3 866 037 A (SIMPSON GEORGE R) 

11 February 1975 (1975-02-11) 

* column 3, line 31 - column 6, line 45; 

figures 1-3 * 



1-30 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.7) 



The present search report has' been drawn up for alt claims 



THE HAGUE 



Oate ol completion of txe search 

14 March 2000 



Examiner 

THE0PIST0U, P 



2 

2 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant it combined with another 

document of the same category 
A : technological background 
O : non-wrttten disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 



& : member of the same patent family, corresponding 
document 



34 



BNSDOC1D: <EP 1O08870A1J_> 



EP 1 008 870 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 

ON EUROPEAN PATENT APPLICATION NO. EP 99 11 6396 



This annex lists the patent famiJy members relating to the patent documents cited in the above-mentioned European search report. 
The members are as contained in the European Patent Office EDP file on 

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information. 

14-03-2000 



Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 


US 4659429 


A 


21-04-1987 


US 


4662747 A 


05-05-1987 


US 4556790 


A 


03-12-1985 


DE 


3343337 A 


30-05-1984 








FR 


2536911 A 


01-06-1984 








GB 


2131229 A,B 


13-06-1984 


US 5250812 


A 


05-10-1993 


JP 


5136036 A 


01-06-1993 








JP 


5055121 A 


05-03-1993 


US 3866037 


A 


11-02-1975 


NONE 







I 

i 

2 



For more details about this annex :see Official Journal of the European Patent Office. No. 12/82 



35 



BNSOOCID: <EP 1008870A1 I > 



1 



THIS PAii BLANK (usptoj 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
0 FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

ElCOLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

/ 

^3 LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



^'S PAGE BUNK 



(USPTO) 



